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Abstract
The availability of the amino-acid sequences of a number of mitochondrial and bacterial NADH:ubiquinone oxidoreduc-
 . w xtases Complex I , the sequence similarities of five of the essential subunits of Complex I with subunits of NiFe hydro-
w xgenases and Fe hydrogenases, as well as some long-standing controversies about the precise EPR properties and
stoichiometries of the iron-sulfur clusters in Complex I have led us to propose a new structural and functional model for this
complicated enzyme. The functional unit is a monomer comprising 8 different Fe-S clusters and 2 FMN molecules as
prosthetic groups. The electron-input pathway, as well as part of the electron-transfer components, seem largely inherited
from bacterial NADq-reducing hydrogenases. The essential electron-transfer components of the electron-output pathway are
located in the TYKY subunit. This subunit is proposed to hold both iron-sulfur clusters 2 and to render the enzyme the
  .ability to perform coupled electron transfer. Based on earlier observed similarities Albracht, S.P.J. 1993 Biochim.
.Biophys. Acta 1144, 221–224 of the 49 kDa subunit and the PSST subunit with, respectively, the large and small subunits
w xof NiFe hydrogenases, it is proposed that the 49 kDarPSST subunit couple provides Complex I with an ancient
proton-transfer pathway.
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1. Introduction
Bovine-heart mitochondrial NADH:ubiquinone ox-
 .idoreductase E.C. 1.6.5.3; Complex I catalyses elec-
tron transfer from NADH to ubiquinone and couples
this to the translocation of protons across the mito-
 w x.chondrial inner membrane for reviews see: 1–4 . It
has been known for 25 years that FMN and at least 4
different EPR-detectable iron-sulfur clusters are pre-
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sent in the Bos taurus enzyme. One of the Fe-S
clusters, called 1b, is a binuclear cluster, while the
clusters 2, 3 and 4 are tetranuclear for reviews see
w x5,6 ; note that these clusters are also referred to in
.literature as N-1b, N-2, N-4 and N-3, respectively .
EPR signals of two more clusters have been de-
scribed. A binuclear cluster, called N-1a, has been
w xreported by Ohnishi and coworkers 7 . A cluster
called N-5 has been observed in the bovine-heart
enzyme by several groups. Due to its relaxation
properties it is supposed to be a tetranuclear cluster.
Its EPR signal indicates that it is present only in low
w xconcentrations 5,8 . It has not been observed in
w xsubmitochondrial particles from Candida utilis 8
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w xand in plant mitochondria 9 , so it is questionable
whether this is a genuine component of Complex I
w x6 .
Most groups working in the field of Complex I
assume that the minimal functional unit of the en-
zyme contains one FMN and one of the Fe-S clusters
1a, 1b, 2, 3 and 4. Early on it was found in this
w xlaboratory 8,10 that the spin concentration of cluster
1b in the bovine-heart enzyme was half that of cluster
2, indicating that the minimal unit of the enzyme has
to contain two clusters 2. The measured concentra-
tions of FMN and the Fe-S clusters have been dis-
w xcussed previously 6 . Except for cluster 1b, there is
agreement that the clusters 2, 3 and 4 are present in
the same concentration as FMN. Over the last 10
w xyears additional studies from this laboratory 11–15
consistently reinforced the idea, that the minimal
functional unit of Complex I must contain two FMN
groups, two of the Fe-S clusters 2, 3 and 4 and only
one cluster 1b. Under the tacit assumption that each
individual cluster was present in a separate subunit, a
w xdimeric model for Complex I was proposed 14,16 .
During the last six years the knowledge on the
protein part of NADH:ubiquinone oxidoreductase has
dramatically improved. Virtually all of the 43 sub-
units of the complex from bovine-heart mitochondria
 w x.molecular mass 907000 1,2,17 and most of the
subunits of the mitchondrial enzyme from the fungus
w xNeurospora crassa 3,4,18 have been sequenced.
Elegant electron-microscopy studies with two-dimen-
sional membrane crystals of N. crassa Complex I
w x19,20 clearly showed that the enzyme extends across
the mitochondrial inner membrane and protrudes ex-
w xtensively from the surface into the matrix space 4 .
NADH:ubiquinone oxidoreductases with a consider-
ably simpler subunit composition have been recog-
w xnized in several bacteria 21–24 . The amino-acid
sequences of the subunits of all these enzymes indi-
cate that some subunits contain two or even three
Fe-S clusters. This requires a re-evaluation of previ-
ous experimental results. Also the sequence similarity
of five of the subunits of Complex I with those of
w x w x w xNiFe - and Fe hydrogenases 25,26 , as well as the
w x w xfirst 3D-structure of a NiFe hydrogenase 27 , has
aided us to better understand the possible function of
the several subunits. We propose here a new model
for the functional unit of Complex I. The model can
explain most of the experimental results, as well as
Table 1
The essential subunits of proton-pumping NADH:ubiquinone oxidoreductases and their homologues in hydrogenases
a b c d e fw x w xComplex I subunit Complex I subunit Complex I subunit Complex I subunit NiFe H ase subunit Fe H ase subunit2 2
NQO NUO Hox Hnd
B.t. E.c. P.d. R.c. A.e. D.f.
ND1 H 8 8 – –
ND2 N 14 14 – –
ND3 A 7 1 – –
ND4 M 13 13 – –
ND4L K 11 11 – –
ND5 L 12 12 – –
ND6 J 10 10 – –
75 kDa G 3 7 U D
51 kDa F 1 6 F C
49 kDa D 4 4 H –
30 kDa C 5 3 – –
24 kDa E 2 5 F A
TYKY I 9 9 – –
PSST B 6 2 Y –
B.t., B. taurus; E.c., E. coli; P.d., P. denitrificans; R.c., R. capsulatus; A.e., A. eutrophus; D.f., D. fructoso˝orans.
a w x b w x c w x d w x e w x f w xData from: 1 ; 29 ; 24 ; 21 ; 50 ; 53 .
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some hitherto unexplained observations. A prelimi-
nary account of this proposal was given elsewhere
w x28 .
2. The minimal subunit structure for proton-
pumping NADH:ubiquione oxidoreductases
Seven of the subunits of the B. taurus enzyme are
w x encoded by mitochondrial DNA 1 and are called
.ND subunits . Complex I from N. crassa mitochon-
dria and from bacteria consists of fewer polypeptides.
The N. crassa enzyme contains 32 subunits, while
the operons coding for the enzyme in Paracoccus
w x w xdenitrificans 24 , Rhodobacter capsulatus 21 and
w xEscherichia coli 23 contain 20, 14 and 14 open
reading frames, respectively. The simplest enzyme
w xpurified thus far is the one from E. coli 4,21,29 .
Seven of its polypeptides are homologous to the
seven ND-subunits of the mitochondrial enzymes
w x23 . Among the remaining seven polypeptides, ho-
mologues of all the potentially Fe-S-containing sub-
units of the mitochondrial enzymes can be found,
except for the PGIV subunit, which is absent in the
E. coli enzyme. A summary of these data is given in
Table 1. In this table also homologous subunits of
two hydrogenases are mentioned, but these will be
discussed later in this article.
3. Main arguments for the previous dimeric model
of B. taurus Complex I
3.1. The concentration of cluster 1b
The concentration of this cluster has long been
 .and still is a point of controversy in the field.
Although other groups reported values of 0.8–0.9
w xcluster 1b per FMN 7,30–32 , our group found 0.4
w xcluster 1b per FMN in purified Complex I 8 and
0.50"0.05 cluster 1b per cluster 2 in subumitochon-
w xdrial particles 10 . More recently we demonstrated
that direct double integration of experimental EPR
spectra of this cluster, as commonly used by other
workers, results in a considerable overestimation of
w xthe cluster 1b concentration 15 . Comparison with a
computer-simulated line shape results in a cluster 1b
concentration in isolated bovine-heart Complex I of
w x0.5 per cluster 2 15 . This necessitates a minimal
functional unit with two FMN groups, and two of
each of the clusters 2, 3 and 4.
3.2. Complex I contains two populations of cluster 2
( )and of the clusters 3 and 4 which are not in redox
equilibrium
Extensive steady-state and pre-steady-state kinetic
studies of the reaction of submitochondrial particles
w xwith NADPH in this laboratory 11–13 have made it
clear that cluster 1b and 50% of the clusters 2, 3 and
4 cannot be reduced by NADPH at pH values greater
than 7.5. The remaining clusters, 50% of the clusters
2, 3 and 4, are reduced within 50 ms. At pH)7.5
there is virtually no oxygen uptake in the presence of
excess NADPH. These experiments demonstrate that
there must be two populations a and b, a defined
here as the type of clusters reducible by NADPH at
.pH 8 of each of the clusters 2, 3 and 4 which are not
in redox equilibrium at this pH. The population of
reduced a-clusters cannot transfer electrons to
ubiquinone. At pH 6, however, there is overall elec-
tron transfer from NADPH to oxygen. It was shown
that at this pH all of the clusters 2 and 4, and about
half of the clusters 3 can be reduced within 50 ms by
NADPH in the presence of rotenone, or in the ab-
w xsence of ubiquinone 13 . Without inhibiting condi-
tions, reoxidation of 50% of the clusters 2 and 4 is
faster than their reduction by NADPH at pH 6,
resulting in a steady-state level of reduction of 50%.
Even at pH 6, reduction of cluster 1b remains slow
and far from complete. Hence it was concluded that
Fig. 1. Schematic representation of the dimeric model of
NADH:ubiquinone oxidoreductase. The numbers represent the
Fe-S clusters; the arrows indicate the expected routes for electron
transfer. The two thick bars between the clusters 2 and ubiquinone
indicate the two piericidin inhibitory sites. As the clusters 2 and 4
w xalways respond in the same way in kinetic experiments 11–15
they are put closely together. With NADPH and at pH-7.5,
electron transfer from the clusters 4ar2a to 4br2b is possible,
but cluster 1b is hardly reduced.
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cluster 1b is not involved in the oxidation of NADPH.
A pH-dependent internal electron-transfer step was
proposed, which would allow reduction of the clus-
ters 2b and 4b at pH-7.5. Only under these condi-
tions reduction of ubiquinone can take place. The
experiments also suggested the presence of two dif-
ferent sites for reaction with NADH, only one of
which is accessible for NADPH. This led to a dimeric
model for the functional unit of Complex I. For the
sake of discussion the model is reproduced in Fig. 1.
3.3. There are two piericidin-binding sites and both
clusters 2 are required for reduction of ubiquinone
After reduction with NADPH at pH 8, the inhibitor
piericidine A exclusively binds to one particular site
 .near the reduced cluster 2a in the functional unit of
Complex I in submitochondrial particles. Strong bind-
ing occurs only when cluster 2 is reduced and
w xubiquinone is present 14 . When bound to this site,
this one molecule of piericidin per two clusters 2
completely prevents the initial oxidation of NADH
w xadded subsequently 14 . In time, however, the rate of
oxidation of NADH increases to a value of 50% of
the uninhibited rate, due to strong cooperative bind-
ing of two piericidin molecules to one functional
 .enzyme unit in which both clusters 2 are reduced .
Without the pre-reduction with NADPH, two
molecules of the inhibitor per two clusters 2 are
required for complete inhibition of NADH oxidation.
If the prereduction with NADPH is performed at pH
 .6 and both clusters 2 can be reduced , then likewise
two inhibitor molecules per two clusters 2 are re-
quired for complete inhibition. These experiments
also demonstrate that the minimal functional unit of
Complex I contains two clusters 2. At the same time
they indicate that the clusters of both populations a
and b are required for the reduction of ubiquinone
 .during the oxidation of NAD P H.
4. Subunits from B. taurus Complex I: binding of
Fe-S clusters andror similarity with hydroge-
nases
Hydrogenases are Fe-S enzymes catalyzing the
q y w xreversible reaction H l2H q2e 33 . They are2
involved in H metabolism of a wide variety of2
microorganisms. Usually, hydrogenases form a tight
complex with other redox enzymes having a great
variety of substrate specificity H :acceptor oxidore-2
.ductases . In this way the hydrogenase reaction is
specifically linked to the metabolism of the microor-
w xganism 26 . Most hydrogenases contains Ni and Fe
w x w x.NiFe hydrogenases; for review see 26 and have a
w xbimetallic Ni-Fe active site 27 coordinated by four
thiolates and three infrared-detectable non-proteins
w xgroups 27,34–36 . Other hydrogenases contain Fe as
w x w x.the sole metal Fe hydrogenases; for review see 37 .
The active site is proposed to be a special cluster
 .H-cluster or hydrogen-activating cluster involving
w x w x4–7 Fe atoms 38,39 . Recent FTIR studies 36
suggest, however, an architecture with similarities to
w xthe bimetallic active site of NiFe hydrogenases.
4.1. The 51 kDa and the 24 kDa subunits of B. taurus
Complex I
More than a decade ago it has been demonstrated
w xalready that a 2Fe-2S cluster, then believed to be
w xcluster 1b, is bound to the 24 kDa subunit 7,40,41 .
This was accomplished by resolving the bovine-heart
Complex I with chaotropic agents into several sub-
complexes. The amino-acid sequence revealed that
 .the 24 kDa subunit mass 23814 indeed has a Cys-
w x w xmotif for the binding of a 2Fe-2S cluster 42 . The
gene encoding the 25 kDa subunit of P. denitrificans
Complex I homologue of the 24 kDa subunit of
.bovine Complex I has been cloned and overex-
pressed in E. coli. The expressed protein contained a
w xbinuclear Fe-S cluster 43 . The EPR properties of
this cluster are very similar those of the binuclear
cluster in the fraction of the bovine complex that
contains only the 24 kDa and the 9 kDa subunits
w x w x40,41,43 . Yano et al. 43 left the possibility open
that the binuclear cluster in the expressed subunit can
be either cluster N1-b or N1-a. Point mutations of
Cys residues in the subunit have established the
w xligands for the cluster 44 . Also the gene encoding
the 24 kDa subunit of the bovine enzyme has been
cloned and overexpressed in E. coli and Cys-point
w xmutants have been studied 45 . The latter study
favoured cluster 1b as the one belonging in this
subunit.
 .The 51 kDa subunit mass 48416 contains a bind-
w xing motif for a 4Fe-4S cluster; this subunit also
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w xcontains binding motifs for NADH and FMN 46 .
w xFecke et al. 47 have disrupted the gene encoding the
51 kDa subunit of the N. crassa enzyme. A
partially-assembled enzyme was formed in which all
prosthetic groups except FMN and Fe-S cluster 4
 .N-3 were present. The complex did not exhibit any
NADH dehydrogenase activity. This clearly places
the FMN and cluster 4 in this subunit. These results
are consistent with the detection of spin-spin interac-
w xtion between the FMN radical and cluster 4 48 and
EPR studies on the flavoprotein subfraction of Com-
plex I, which also suggested the presence of cluster 4
 . w x w xN-3 in the 51 kDa subunit 40 . Yano et al. 49
have overexpressed in E. coli a fusion of the genes
encoding the 50 kDa and 25 kDa subunits of P.
denitrificans homologues of the 51 kDa and 24 kDa
.subunits of the bovine-heart enzyme . After reconsti-
tution with FMN, Fe and sulfide the protein had a
clear NADH-dehydrogenase activity and showed EPR
 .signals assigned to the clusters 1a and 4 N-3 ,
w xcorroborating the conclusions of Fecke et al. 47
about the location of cluster 4 in the 51 kDa subunit.
An evolutionary relationship between Complex I
and a bacterial hydrogenase was first recognized by
w xPilkington et al. 46 , who discovered that the
amino-acid sequences of the polypeptides responsible
for the diaphorase activity of the soluble NADq-re-
w xducing NiFe hydrogenase of the facultative
w xchemolithotroph Alcaligenes eutrophus H16 50
show strong similarity with those of three of the
subunits of NADH:ubiquinone oxidoreductase. These
similarities hold for all other Complexes I as well
w x q51 . The NAD -reducing hydrogenase consists of
 .  .four subunits, a HoxF protein , b HoxH , g
 .  .HoxU and d HoxY ; the ag-dimer is an NADH
dehydrogenase, whereas the bd-dimer is a true
w xNiFe hydrogenase. The a-subunit looks like a fusion
product of the 24 kDa subunit and the 51 kDa subunit
of bovine Complex I. Although this similarity sug-
gests the presence of a 4Fe cluster and a 2Fe cluster
in the a subunit of A. eutrophus hydrogenase, the
presence of a binuclear cluster is uncertain, since two
of the conserved cysteines in the 24 kDa subunit of
Complex I are missing in the similar part of the A.
w xeutrophus subunit 46 , which only contains 2 Cys
w xresidues in total. Yet, an EPR signal of a 2Fe-2S
cluster is observed in the reduced A. eutrophus hy-
w xdrogenase 52 . We assume that this stems from the
 .HoxU subunit see later . The third sequence similar-
ity concerns part of the 75 kDa subunit with the g
subunit of the A. eutrophus hydrogenase and is
discussed below. More recently the genes encoding
q w xan NADP -reducing Fe hydrogenase in Desulfo˝ib-
rio fructoso˝orans have been cloned and sequenced
w x53 . The hnd operon encodes for four polypeptides,
of which HndA shows strong similarity to the 24 kDa
subunit of bovine-heart Complex I and HndC with
the 51 kDa subunit.
4.2. The 75 kDa subunit of B. taurus Complex I
w xOne or two motifs for 4Fe-4S clusters, and one
w x2Fe-2S cluster-binding motif were recognized in the
 . w x75 kDa subunit molecular mass 76960 54 . Yagi
w xand coworkers 55 have cloned and overexpressed
the 66 kDa subunit of P. denitrificans, a homologue
of the bovine 75 kDa subunit, in E. coli and found
that the purified protein contained at least a cubane
cluster and a binuclear one. They suggested that the
 .clusters might be the clusters 3 N-4 and 1b, respec-
tively. The sequence of the first 240 amino acids of
the 75 kDa subunit of Complex I is similar to the
g-subunit of A. eutrophus NADq-reducing hydroge-
w xnase 46 . As we will describe below, both subunits
also show a strong similarity to part of the sequence
w xof a subunit of Fe hydrogenases, namely the one
harbouring the active site.
At present, the DNA-derived amino-acid se-
w xquences of seven different Fe hydrogenases are
known: the well characterized enzymes from Desul-
w xfo˝ibrio ˝ulgaris Hildenborough 56 and Clostridium
 . w xpasteurianum W5 hydrogenase-I 57 , as well as the
w xenzymes from D. ˝ulgaris Monticello 58 , D. fruc-
w x  q w xtoso˝orans 53 an NADP -reducing Fe hydro-
. w xgenase , Clostridium acetobutylicum P262 59 and
w xC. acetobutylicum ATCC 824 60 . The HydC gene
from D. ˝ulgaris is also very similar to this set and is
 . w xsupposed to code for a putative second Fe hydro-
w xgenase in this bacterium 61 . It was Van Dongen, as
w x  w x.referred to in 57 see also 62 , who first noted that
the N-terminal region of the HydC gene of D. ˝ul-
garis was similar to the N-terminal region of the g
 . w xsubunit diaphorase part of the soluble NiFe hydro-
w xgenase of A. eutrophus 50 , and to the N-terminus
of the 75 kDa subunit of mitochondrial
w xNADH:ubiquinone oxidoreductase 54 .
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We have further inspected these similarities. In
Fig. 2 the relevant N-terminal sequences of the
w xFe hydrogenases have been lined up together with
the N-terminal sequences of the g-subunit of A.
w xeutrophus 50 , the 75 kDa subunit of bovine-heart
w xComplex I 54 , the 78 kDa subunit of N. crassa
w xComplex I 63 , the 66 kDa subunit of P. denitrifi-
w xcans Complex I 64 and the 91 kDa subunit of E.
w xcoli Complex I 23 .
w xWithin the Fe hydrogenases two blocks of 4 Cys
 .residues classical CxxCxxCxxxxC motifs can be
w xrecognized. As Meyer and Gagnon 57 already sug-
gested, this indicates the presence of two classical
cubane clusters. This is in line with earlier conclu-
w xsions by Wang et al. 65 and Hagen and coworkers
w x38,66 based on physico-chemical measurements.
These clusters were called the F-clusters ferredoxin
.clusters to distinguish them from the H-cluster, which
has quite different properties. The latter cluster is
supposed to be bound to the C-terminal part of the
polypeptides. The remaining two Fe-S clusters de-
tected in the C. pasteurianum hydrogenase-I, were
initially assumed to be cubane clusters. They were
called FX-clusters because their physical properties
w xdeviated from those of classical cubane clusters 67 .
Note that only one of the N-terminal Cys-residue
patterns, the CxxCxxxxxC motif, is reminiscent to
w xthat of a cubane cluster. Adams and coworkers 68
have later re-examined the Fe-S clusters in the
w x Fe hydrogenases from C. pasteurianum hydro-
.genase-I , Thermatoga maritima and D. ˝ulgaris with
Resonance-Raman spectroscopy. It was concluded
that in the C. pasteurianum and T. maritima enzymes
one of the two extra clusters, the ones that are absent
w xin the D. ˝ulgaris enzyme, is a 2Fe-2S cluster. In
the C. pasteurianum enzyme this cluster has rather
unusual properties e.g., its EPR spectrum cannot be
.observed at 60 K .
When inspecting Fig. 2 it looks as if the majority
of the Cys motifs present in the N-terminal part of
w xfive of the Fe hydrogenases subunits have been used
during the evolution to form the g subunit of the
diaphorase part of the A. eutrophus H :NADq2
oxidoreductase and the N-terminal part of the 75
kDa-like subunits of Complex I. Note that there is
also a conserved His residue in a pattern
HxxxCxxCxxxxxC in the N-terminal part of all se-
quences, except in the one from A. eutrophus and in
the D. ˝ulgaris enzymes where this part of the
.polypeptide is absent . The His residue might be
involved in the coordination of one of the clusters,
giving it atypical properties. Note that the Complex I
subunits all have an 8th conserved Cys residue at the
N-terminal side. The comparison suggests that the
three Fe-S clusters expected in the N-terminal region
of the 75 kDa subunit are one classical cubane clus-
ter, an atypical cubane cluster as well as an atypical
binuclear cluster. It also suggests that, like in the
Fig. 2. Sequence similarities between subunits of bacterial hydrogenases and the 75 kDa-like subunits of Complex I. The conserved
 .cysteine residues and one histidine are shown, as well as the number of amino acids connecting them. Top seven lines: H-cluster-con-
w x  .  .taining subunits of Fe hydrogenases from D. ˝ulgaris Hildenborough D.˝. H , C. pasteurianum W5 C.p. , D. ˝ulgaris Monticelli
 .  .  .  .D.˝. M , D. fructoso˝orans D.f. , C. acetobutylicum P262 C.a. P262 , C. acetobutylicum ATCC 824 C.a. ATCC 824 and the HydC
 . w xgene of D. ˝ulgaris Hildenborough D.˝. HydC . The line indicated as A.e.: the g subunit of the soluble NiFe hydrogenase from A.
 .  .  .eutrophus. The bottom four lines: 75 kDa-like subunits of Complex I from B. taurus B.t. , N. crassa N.c. , P. denitrificans P.d. and
 .E. coli E.c. . F1 and F2 stand for classical 4Fe ferredoxin clusters.
( )S.P.J. Albracht et al.rBiochimica et Biophysica Acta 1318 1997 92–10698
hydrogenases, all these Fe-S clusters are involved in
pure electron transfer, i.e. electron tranfer not directly
linked to a chemical reaction. As we favour the
w xpresence of cluster 1b in the 24 kDa subunit 45 , we
assign cluster 1a to the 75 kDa subunit.
4.2.1. Two different clusters 3 in the 75 kDa subunit
In the following we present new evidence for the
existence of two clusters 3 with different EPR proper-
w xties. In view of the results of Yano et al. 55 , we
propose that both clusters are present in the 75 kDa
subunit.
Fig. 3. Microwave-power dependence of the X-band EPR signals
of the clusters 3 and 4 in isolated Complex I. Bovine-heart
w xComplex I 83 was dissolved in 0.66 M sucrose, 50 mM
 .Tris–HCl pH 8.0 . It was reduced with 6 mM NADH in an EPR
tube for 30 s at 08C and stored in liquid nitrogen. EPR was
w x  .performed as in 75 . For the clusters 3 open triangles the
amplitude of the g s1.88 line was measured and for the clustersx
 .4 closed triangles the amplitude of the g s1.86 line. Thex
amplitudes were normalized for the microwave power and gain
 .  .A . EPR conditions: microwave frequency, 9464 MHz A orN
 .  .  .9429 MHz B ; temperature, 4.2 K A or 14 K B ; modulation
amplitude, 1.27 mT.
Fig. 4. Effect of microwave power on EPR spectra at 14 K and
4.4 K of isolated Complex I reduced with NADH. Spectra were
 .recorded at 14 K with microwave powers of 0.26 mW A and
 .260 mW B , or at 4.4 K with microwave powers of 0.26 mW
 .  .C and 260 mW D . The spectra A–D are plotted normalized
for differences in microwave power, temperature and receiver
gain, except for a 3-times enlargement of trace B and a 30-times
enlargement of trace D. EPR conditions: microwave frequency,
9429 MHz, modulation amplitude, 1.27 mT.
The first signs for a possible heterogeneity of the
cluster 3 population have been published a long time
w xago. Orme-Johnson et al. 30,31 observed that during
redox titrations of Complex I with NADH the g linez
around 2.10 shifted downfield during its develop-
ment, from gs2.101 to 2.103. Therefore it was
originally believed that the lines at 2.101 and 2.103
represented two clusters, then called clusters 3 and 4,
respectively, with quite different midpoint potentials.
w xA few years later it was described 69 that in
NADPH-reduced Complex I the g line of cluster 3z
was smaller and had shifted approximately 0.3 mT
upfield, when compared to the NADH-induced sig-
nal. Expressed in g values, the peak shifted from
 .  .gs2.101 NADPH to 2.103 NADH . Simulations
of the EPR spectra demonstrated, however, that the
w x4th cluster should have a g line at gs2.037 8 .z
w xThis laboratory concluded at that time 8 that the line
at gs2.10 was the g line of cluster 3 only g sz x ,y
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.1.884, 1.93–1.94 . This analysis was later experimen-
w xtally confirmed by Ohnishi 5 during redox-titration
studies Ohnishi then termed the clusters 3 and 4 as
.N-4 and N-3, respectively .
The concentration of the clusters 3 in Complex I is
difficult to determine from an EPR spectrum, due to
overlap with signals of the clusters 4. Orme-Johnson
w xet al. 30,31 determined that the combined intensities
of the EPR signals at 13.3 K of the clusters 3 and 4
amounted to 1.8 spinsrFMN in purified Complex I.
This laboratory reported a value of 0.56–0.66 cluster
3 per FMN by using the g line of cluster 3 at 14 Kz
w x8 . Simulations of the overall EPR line shape of
reduced Complex I at 17 K showed best fits when the
concentration of cluster 4 was equal to that of cluster
2, and the concentration of cluster 3 was somewhat
w xlower than that of cluster 2 8 . We have never
understood the reason for these low numbers but see
.below .
The EPR spectrum of the clusters 3 has more
unusual properties. Clusters 3 and 4 both show a fast
spin-lattice relaxtion at X-band. Therefore the clus-
ters are usually monitored at temperatures between 8
and 14 K. The temperature dependencies and the
power-saturation properties of the EPR signals of the
clusters 3 and 4 are similar in region 8–20 K. At 4.2
K, however, the EPR transitions of the clusters 4 can
be saturated virtually completely, whereas those of
the clusters 3 seem much less affected. This is illus-
trated in Fig. 3A and B, where power plots of the
clusters 3 and 4 are given at 4.2 and 14 K. At 14 K
the g s1.88 line of the clusters 3 starts saturatingx
 .above y20 dB 2 mW , whereas the g s1.86 linex
of the clusters 4 shows no saturation even at maximal
power. At 4.2 K, however, the g line of the clustersx
4 saturates far more easily than the corresponding
line of the clusters 3. In Fig. 4 the effect of mi-
crowave power on EPR spectra of isolated Complex I
is shown at temperatures of 4.4 K and 14 K. With
high power at 4.4 K the lines of the clusters 3 at 2.10
and 1.88 are prominently present, but those of the
 .clusters 4 g s2.04, g s1.86 are absent due toz x
heavy saturation. The lines at 2.06 and 1.895 are
from cluster N-5, which is not supposed to belong to
w xthe basic unit of Complex I 6 . These results indicate
that the EPR signal of the clusters 3 is a superposi-
tion of signals due to two clusters 3 with similar g
values, but with quite different relaxation properties.
Fig. 5. Temperature dependence of the EPR signals of the
 .clusters 2 and 3 in isolated Complex I. For the clusters 3 A the
amplitude of the g s2.10 line was measured. The signal of thez
 .clusters 2 was taken as an internal reference B and here the
amplitude of the g s1.92 line was measured. On the y-axesx ,y
the amplitudes are plotted normalized for differences in mi-
crowave power, receiver gain and temperature. EPR conditions:
microwave frequency, 9429 MHz; microwave power, non-
saturating and varying from 0.26 mW at 4.5 K to 0.01 mW at 20
K; modulation amplitude, 1.27 mT.
To further test this hypothesis, detailed tempera-
ture-dependencies of the EPR signals of purified
Complex I reduced with NADH were studied. For a
non-interacting Ss1r2 system the amplitude of a
line, normalized for power, gain and temperature,
should be constant from 4.2 K the lowest tempera-
.ture in our cryostat upwards to a temperature where
relaxation starts broadening the line. In Fig. 5 the
temperature dependence of the amplitude of the g sz
2.10 line is shown. As an internal reference the
amplitude of the g s1.92 line of the clusters 2 isx y
included. The temperature dependence of the latter
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line is basically as expected: a horizontal line up to
16 K. This demonstrates that the conditions during
the measurements were correct temperature, non-
.saturating microwave power . The slight disturbances
in the 5–10 K region are probably due to overlapping
w xlines from cluster N-5 5,8 and the g line of they
clusters 3.
From Fig. 5A it is clear that the temperature
dependence of the clusters 3 does not give a horizon-
tal line. Instead, the amplitude at gs2.10 seems to
receive contributions from two species with different
relaxation properties. The more rapidly-relaxing clus-
ter is only sharpening optimally below 7 K. When a
high power is used at this temperature, then the signal
of the ‘normal’ cluster 3, the one that saturates
 .already at y20 dB at 14 K Fig. 3 , is largely
saturated. Above 7 K the signal of the rapidly-relax-
ing cluster starts to broaden resulting in a decrease of
the normalized amplitude of the 2.10 line.
In several of the EPR spectra recorded for Fig. 5
 .non-saturating conditions the total concentration of
the clusters 3 was determined using the low-field half
w xof the 2.10 line as described earlier 6 . At 6 K the
concentration of the clusters 3 relative to that of the
clusters 2 was 0.99, at 8 K it was 0.93 and at 14 K it
was 0.74. We ascribe the decrease as due to line
broadening of the rapidly-relaxing cluster 3 whereby
the line disappears in the noise.
This behaviour explains why our earlier quantifica-
tion of the clusters 3 at 14 K always resulted in too
low a concentration. It also explains why during our
w xpre-steady state kinetic measurements 11–13 the
clusters 3 were apparently never fully reacting: due to
limited signal-to-noise ratio, inherent to the freeze-
quench experimental set-up, we were forced to mea-
sure line amplitudes at 8–14 K.
In retrospect, the present proposal confirms and
explains the titrations of Complex I with NADH as
reported by Beinert and coworkers more than 20
w xyears ago 30,31 .
4.3. The PSST subunit of B. taurus Complex I
Also the PSST subunit called PSST after the first
.four N-terminal amino-acid residues; mass 20077
w xcontains a possible Fe-S cluster-binding motif 70 .
This subunit, and the homologous subunits in other
w xComplex I enzymes 70,51 , have a sequence motif
 .LrTxCCx GxCxxxGx GCPP similar to a61 24 – 25
strictly conservative sequence CxxCx GxCxxx-n
Gx GCPP, where n is 61–106 and m is 24–61,m
present in the N-terminal region of the small subunits
w x w xof all NiFe hydrogenases sequenced thus far 25,26 .
Part of this similarity had been earlier recognized by
w xMasui et al. 71 . The crystal structure of the
w x w xNiFe hydrogenase from D. gigas 27 shows that the
w xCys residues are ligands to a 4Fe-4S cluster close to
 .the active site the ‘proximal’ cluster , which is
deeply buried in the enzyme. As the first Cys residue
in the hydrogenase sequence is replaced by a Leu or
Thr residue in the PSST-like subunits, the possibility
w xof a 3Fe-4S cluster must be considered. We have
never observed, however, any EPR signals in oxi-
dized preparations of Complex I, ruling out the pres-
w x3q w xqence of a 4Fe-4S or 3Fe-4S cluster. It should
be noted that all PSST-like subunits do have an extra
Cys residue preceding the second Cys residue in the
hydrogenase motif.
It is worthwhile mentioning that Volbeda et al.
w x27 noted that the first 170 amino acids of the small
subunit of the D. gigas hydrogenase form a structure
 .homologous to that of short-chain flavodoxins, a
group of electron-transfer proteins containing FMN.
Volbeda et al. suggested that there might be an
evolutionary relationship between the two proteins. It
is precisely this part of the small subunit of D. gigas
hydrogenase that shows sequence similarity with the
PSST subunit.
4.4. The 49 kDa subunit of B. taurus Complex I
w xThe 49 kDa subunit 72 , and the homologous
w xsubunits in other Complex I enzymes 51 , contain
parts of strictly-conservative amino-acid sequence
w xmotifs of the large subunit of NiFe hydrogenases,
w xe.g. an RGxEx R motif in the N-terminal region 2516
and even remnants of two other motifs, e.g. an APxG
sequence and a strictly-conserved Asp residue eight
w xresidues from the C-terminus 25,26 . This similarity
might be a coincidence, since the overall sequence
similarity is very low. Yet, the presence of the 49
kDarPSST couple, both having sequence similarities
w xwith NiFe hydrogenases, suggests to us that the 49
kDa subunit indeed might have an evolutionary rela-
w xtionship to the large subunit of NiFe hydrogenases.
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4.5. The TYKY subunit of Complex I contains the two
clusters 2
w xTwo 4Fe-4S cluster-binding motifs were found in
the 23 kDa subunit called TYKY after the first four
. w xN-terminal amino-acid residues; mass 20196 73 .
Assuming the presence of one cluster 2 per Complex
w xI, Dupuis et al. 73 suggested already that one of the
Cys motifs in this subunit might bind cluster 2. In
view of the information presented above, we propose
that the TYKY subunit contains both the clusters 2.
The sequence similarities between five subunits of
Complex I with those of hydrogenases suggests that
 .all Fe-S clusters involved 1a, 1b, 3 and 4 are
functioning in normal electron transfer. This then
leads us to a conclusion about the possible function
of the TYKY subunit. We propose that this subunit
has an important role in activities not present in
hydrogenases, namely the reduction of ubiquinone
coupled to the pumping of protons. This proposal is
w xin line with reports from the seventies 74 , that the
occurrence of Site-I phosphorylation in C. utilis goes
hand in hand with the occurrence of the EPR signal
of cluster 2 and with the piericidin sensitivity of
Complex I.
w xWe recently found 75 , that in tightly-coupled
submitochondrial particles the clusters 2 show some
remarkable changes in their EPR spectrum during
steady-state electron-transfer, only when energy dissi-
pation is rate limiting. Within 30 ms after mixing
such particles with NADH, the g line of the EPRz
signal of the clusters 2, but not its g line, shows ax y
w x2.8 mT splitting 75,76 . This effect is sensitive to
uncouplers and is also reversed upon anaerobiosis.
We believe that we have detected an ‘energized’
form of Complex I, in which the protein structure in
or near to the TYKY subunit has changed, enabling
the two clusters 2 to engage in an exchange coupling
w x77 . In uncoupled particles, or upon anaerobiosis, no
such magnetic interaction can be observed.
5. Common building blocks in Complex I and
several hydrogenases
The sequence similarity of the PSST, 24, 49, 51
 .qand 75 kDa subunits of Complex I with NAD P -re-
ducing hydrogenases allows a modular comparison of
the relevant enzymes as depicted in Fig. 6.
Fig. 6. The protein and catalytic building blocks of Complex I
 . w x  .and several hydrogenases. A D. gigas NiFe hydrogenase; B
q w x  .A. eutrophus soluble NAD -reducing NiFe hydrogenase; C
 . q w xComplex I; D The NADP -reducing Fe hydrogenase from D.
fructoso˝orans.
5.1. The NADH-dehydrogenase unit
For the dehydrogenation of NADH and the oxida-
tion of the hydride, FMN and cluster 4 in the 51 kDa
subunit or the homologous subunits in the hydroge-
. w xnases are necessary. Therefore cluster 4, a 4Fe-4S
cluster, is assumed to be involved in the first step of
electron transfer. The FMN-binding subunit of the D.
fructoso˝orans enzyme contains two extra cubanes.
 w xThe 24 kDa subunit containing a 2Fe-2S cluster,
.here proposed to be 1b and the 75 kDa subunit
carrying two 4Fe clusters and one 2Fe cluster, here
.proposed to be the clusters 3 and 1a, respectively
form two modules concerned with electron transfer
only. These NADH-oxidation and electron-transfer
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modules form a fairly conservative unit in all three
enzymes in Fig. 6.
5.2. The second enzyme unit in the NADH:acceptor
oxidoreductase systems
The NADH-dehydrogenase unit is coupled to an-
other enzyme unit which has a completely different
composition in the three enzymes displayed in Fig. 6.
In the NADq-reducing hydrogenase from A. eutro-
phus, this unit is the minimal protein machinery of a
w x NiFe hydrogenase compare with the enzyme unit of
. qthe D. gigas hydrogenase . In the NADP -reducing
w xhydrogenase from D. fructoso˝orans 53 , this unit
w xcontains the H-cluster of Fe hydrogenases. In Com-
plex I this additional enzyme unit is capable of
reduction of ubiquinone with the simultaneous pump-
ing of two protons per electron. This unit is proposed
to contain the 49 kDarPSST subunit couple plus the
 .23 kDa TYKY subunit carrying both clusters 2 . It
 .also requires not shown subunits rendering Com-
plex I to bind and stabilize two semiquinone radicals
w x77 , to specifically bind two molecules of the in-
w xhibitor piericidine at two different sites 14 and
 .subunits the mitochondrially-encoded ones to cor-
rectly position and assemble this proton-pumping unit
into the mitochondrial membrane.
In the NADq-reducing hydrogenase from A. eu-
 .trophus the small HoxY hydrogen subunit only
posesses the ‘proximal’ cubane cluster proximal to
.the Ni-Fe active site and misses the protein part
w xwhere in the D. gigas enzyme a 3Fe-4S cluster and
a second cubane cluster are bound. In the D. gigas
hydrogenase these clusters are believed to form an
essential part of the electron-transfer pathway from
 .the active site to artificial electron acceptors on the
w xoutside of the enzyme molecule 27 . The comparison
suggests that in the A. eutrophus enzyme part of the
 .surface of the large HoxH subunit, which is covered
in the D. gigas enzyme by the extra C-terminal
w xprotein extension of its small subunit 27 , is not
 .covered by the HoxY subunit Fig. 6 . It is proposed,
therefore, that part of the HoxU subunit, a homologue
to the 75 kDa Complex I subunit, replaces the func-
tion of the missing part of the ‘small hydrogenase
subunit’ and binds to both the HoxH and HoxY
subunits in order to enable rapid electron transfer.
A similar situation might apply to Complex I. As
with the HoxY subunit of the A. eutrophus hydroge-
nase, the PSST subunit of Complex I, which has
about the same size, has only the N-terminal part in
common with the small subunit of D. gigas hydroge-
nase. In analogy with the A. eutrophus hydrogenase,
it is therefore possible that in Complex I the 75 kDa
subunit is binding to both the 49 kDa subunit and the
PSST unit. This is schematically depicted in Fig. 6.
This raises the unsettled question whether there is
any redox group present in the 49 kDarPSST couple.
In looking at Fig. 6 one wonders why so many
different Fe-S clusters are required in Complex I.
This immediately leads to the even more puzzling
question why so many Fe-S clusters are required in
 .qthe NAD P -reducing hydrogenases for the simple
transfer of electrons between the Ni-Fe active site
and FMN, which differ less than 100 mV in redox
potential.
6. A possible proton-transfer path in the 49 kDar
PSST subunit couple?
All Complex I enzymes characterized thus far
contain two subunits 49 kDa and PSST in the B.
.taurus enzyme , which show similarities to the essen-
w x w xtial protein parts of NiFe hydrogenases 25,26 . What
might this tell us? The crystal structure of D. gigas
w x w xNiFe hydrogenase 27 showed the active site to be
deeply buried in the protein. Therefore Volbeda et al.
w x27 pointed out that there has to be an efficient
proton-transfer pathway in the enzyme to provide the
active site with protons during hydrogen-evolution
activity or to rapidly remove protons from the heart
of the protein during hydrogen uptake activity. This
proton-transfer path belongs to one of the oldest in
Biology.
w xVolbeda et al. 27 also noted that the contact
w xsurface between the two subunits in the NiFe hydro-
genase was remarkably large this is schematically
.depicted in Fig. 6 , suggesting a tight binding of the
two. We postulate that the 49 kDarPSST subunit
couple in Complex I forms a tight complex harbour-
ing an ancient proton-transfer pathway relevant for
the mechanism of action of Complex I. As noted
above, this also suggests the presence of a redox
centre within this couple.
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7. From a dimeric model towards a monomeric
one
The dimeric model of Complex I was based on the
assumption that each subunit could carry only one
iron-sulfur cluster. This is no longer correct and
 .already led to the much simpler monomeric modu-
lar representation of Complex I in Fig. 6. In order to
also accommodate the kinetic results and the informa-
tion on the relative concentrations of the prosthetic
groups, we have composed Fig. 7 as our present
working model. From a kinetic point of view the
model is the same as the previous dimeric model
 .Fig. 1 . To explain the stoichiometry of the FMN
and the clusters 4 relative to the other Fe-S clusters,
the 51 kDa subunit has to be present twice. This
varies with a reported stoichiometry of some of the
subunits of flavoprotein fragments and Fe-S-protein
w xfragments prepared from Complex I 78 . This dis-
crepancy needs further attention.
In Table 2 data on the number of iron atoms and
total spin concentrations resulting from the model in
Fig. 7 are given. Assuming that the PSST subunit
holds a 4Fe cluster, the model accounts for 16 Fe
atoms per FMN. This is in agreement with the value
of 16 Fe atoms per FMN mentioned in the last report
w xon this topic by Kowal et al. 32 . These workers
already discussed, that the often published values of
up to 22 Fe per FMN are quite likely too high, due to
impurities or sometimes also to partial loss of FMN
during purification.
As NADH does not reduce cluster 1a, and if the
PSST subunit gives no contribution to the EPR spec-
tra, then 3.5 unpaired spins per Complex I molecule
may be expected in the NADH-reduced enzyme. We
have determined the actual spin concentration at 4.5
Fig. 7. Monomeric model of NADH:ubiquinone oxidoreductase.
At the bottom the separate major building blocks of the new
model are shown. The top shows the assembled model. The
numbers represent the Fe-S cluster, the arrows the route of
electron transfer and the thick line the piericidin inhibitory sites.
K and a non-saturating microwave power of 0.26
.mW in various preparations of isolated Complex I to
be 3.4–3.7 times the concentration of the combined
clusters 2, using the Bruker ECS-106 EPR machine.
This is in quite good agreement with the model
presented here.
We anticipate that a comparative study of point-
w xmutated forms of Complex I, NiFe hydrogenases and
w xFe hydrogenases will give valuable information on
the precise function of the several Fe-S clusters and
subunits in Complex I.
Table 2
Number of iron atoms and EPR-detectable spins in bovine-heart Complex I reduced with NADH
 .Prosthetic group Location subunit Number of groups present Number of iron atoms Number of spins
FMN 2=51 kDa 2 – –
w x2Fe-2S 1a 75 kDa 1 2 –
w x2Fe-2S 1b 24 kDa 1 2 1
w x4Fe-4S 2 TYKY 2 8 2
w x4Fe-4S 3 75 kDa 2 8 2
w x4Fe-4S 4 2=51 kDa 2 8 2
w x4Fe-4S ? PSST 1? 4? –
 .  .per FMN or clusters 2 : 14 16 3.5
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7.1. Possible rele˝ance of a dual electron-transfer
pathway in Complex I
An intriguing question that remains is why Com-
plex I is also capable of the rapid oxidation of
NADPH, even when electrons can not be passed on
to ubiquinone and the other complexes of the respira-
tory chain at pH values in excess of 7.5. One possi-
bility comes to mind. It has been discovered that
Complex I from bovine heart contains an acyl-carrier
w xprotein 79 . A closely homologous polypeptide was
w xfound in N. crassa Complex I 80 . It has been
w xdemonstrated 81,82 that in N. crassa this acyl-car-
rier protein is involved in a novel cerulenin-sensitive
pathway for the synthesis of fatty acids in mitochon-
dria. This pathway functions independently from the
fatty-acid synthesis in the cytoplasm. Deletion of the
Nuo9.6 gene, encoding for this subunit, prevents
assembly of Complex I in N. crassa mitochondria
w x82 , whereas the other electron-transfer complexes
are present in normal concentrations. Hence the pro-
tein is suggested to be specifically involved in the
biosynthesis of fatty acids required for stabilization
of Complex I. We speculate here that reducing equiv-
alents required for this synthesis might be provided at
the correct position by that part of Complex I which
can be reduced by NADPH at pH)7.5 and is not
oxidized by ubiquinone.
Acknowledgements
S.P.J.A. would like to take this opportunity to
warmly thank Prof. E.C. Slater for his most stimulat-
ing interest, criticism and support over the years. He
hopes that there will be many future occasions to
discuss the latest developments in the field. The
 .investigations were supported in part by the Nether-
 .lands Foundation for Chemical Research SON with
financial aid from the Netherlands Organization for
 .Scientific Research NWO and by EU grant no.
BIO2-CT93-0364.
References
w x  .1 Walker, J.E. 1992 Quart. Rev. Biophys. 25, 253–324.
w x  .2 Walker, J.E., Skehel, J.M. and Buchanan, S.K. 1995 Meth.
Enzymol. 260, 14–34.
w x  .3 Weiss, H., Friedrich, T., Hofhaus, G. and Preis, D. 1991
Eur. J. Biochem. 197, 563–576.
w x  .4 Friedrich, T., Steinmuller, K. and Weiss, H. 1995 FEBS¨
Lett. 367, 107–111.
w x  .5 Ohnishi, T. 1979 in: Membrane proteins in energy trans-
 .duction Capaldi, R.A., ed. , pp. 1–87, Dekker, New York.
w x  .6 Beinert, H. and Albracht, S.P.J. 1982 Biochim. Biophys.
Acta 683, 245–277.
w x  .7 Ohnishi, T., Blum, H., Galante, Y.M. and Hatefi, Y. 1981
J. Biol. Chem. 256, 9216–9220.
w x8 Albracht, S.P.J., Dooijewaard, G., Leeuwerik, F.J. and van
 .Swol, B. 1977 Biochim. Biophys. Acta 459, 300–317.
w x  .9 Rich, P. and Bonner, W.D. 1978 in Functions of Alterna-
tive Respiratory Oxidases Lloyd, D., Degn, H. and Hill,
.G.C., eds. , pp. 61–68, Pergamon Press, New York.
w x  .10 Albracht, S.P.J., Leeuwerik, F.J. and van Swol, B. 1979
FEBS Lett. 104, 197–200.
w x  .11 Bakker, P.T.A. and Albracht, S.P.J. 1986 Biochim. Bio-
phys. Acta 850, 413–422.
w x  .12 Albracht, S.P.J. and Bakker, P.T.A. 1986 Biochim. Bio-
phys. Acta 850, 423–428.
w x  .13 Van Belzen, R. and Albracht, S.P.J. 1989 Biochim. Bio-
phys. Acta 974, 311–320.
w x14 Van Belzen, R., van Gaalen, M.C.M., Cuypers, P.A. and
 .Albracht, S.P.J. 1990 Biochim. Biophys. Acta 1017, 152–
159.
w x15 Van Belzen, R., de Jong, A.M.Ph. and Albracht, S.P.J.
 .1992 Eur. J. Biochem. 209, 1019–1022.
w x  . 16 Albracht, S.P.J. 1982 in Flavins and Flavoproteins V.
.Massey and C.H. Williams, eds. , pp. 759–762,
ElsevierrNorth-Holland Inc.
w x17 Arizmendi, J.M., Skehel, J.M., Runswick, M.J., Fearnley,
 .I.M. and Walker, J.E. 1992 FEBS Lett. 313, 80–84.
w x  .18 Schulte, U. and Weiss, H. 1995 Meth. Enzymol. 260,
3–14.
w x  .19 Leonard, K., Haiker, H. and Weiss, H. 1987 J. Mol. Biol.
194, 277–286.
w x  .20 Hofhaus, G., Weiss, H. and Leonard, K. 1991 J. Mol. Biol.
221, 1027–1043.
w x  .21 Dupuis, A. 1992 FEBS Lett. 301, 215–218.
w x22 Dupuis, A., Peinnequin, A., Chevallet, M., Lunardi, J.,
Darrouzet, E., Pierrard, B., Procaccio, V and Issartel, J.P.
 .1995 Gene 167, 99–104.
w x23 Weidner, U., Geier, S., Ptock, A., Friedrich, T., Leif, H. and
 .Weiss, H. 1993 J. Mol. Biol. 233, 109–122.
w x  .24 Yagi, T. 1993 Biochim. Biophys. Acta 1141, 1–17.
w x  .25 Albracht, S.P.J. 1993 Biochim. Biophys. Acta 1144, 221–
224.
w x  .26 Albracht, S.P.J. 1994 Biochim. Biophys. Acta 1188, 167–
204.
w x27 Volbeda. A., Charon, M.-H., Piras, C., Hatchikian, E.C.,
 .Frey, M. and Fontecilla-Camps, J.C. 1995 Nature 373,
580–587.
w x  .28 Albracht, S.P.J., De Jong, A.M.Ph. and Kotlyar, A.B. 1994
J. Inorg. Biochem. 56, 36.
( )S.P.J. Albracht et al.rBiochimica et Biophysica Acta 1318 1997 92–106 105
w x29 Leif, H., Weidner, U., Berger, A., Spehr, V., Braun, M., van
 .Heek, P., Friedrich, T., Ohnishi, T. and Weiss, H. 1993
Biochem. Soc. Trans. 21, 998–1001.
w x30 Orme-Johnson, N.R., Orme-Johnson, W.H., Hansen, R.E.
 .and Beinert, H. 1971 Biochem. Biophys. Res. Commun.
44, 446–452.
w x  .31 Orme-Johnson, N.R., Hansen, R.E. and Beinert, H. 1974 J.
Biol. Chem. 249, 1922–1927.
w x32 Kowal, A.T., Morningstar, J.E., Johnson, M.K., Ramsay,
 .R.R. and Singer, T.P. 1986 J. Biol. Chem. 261, 9239–9245.
w x  .33 Adams, M.W.W., Mortenson, L.E. and Chen, J.-S. 1981
Biochim. Biophys. Acta 594, 105–176.
w x34 Bagley, K.A., Van Garderen, C.J., Chen, M., Duin, E.C.,
 .Albracht, S.P.J. and Woodruff, W.H. 1994 Biochemistry,
33, 9229–9236.
w x35 Bagley, K.A., Duin, E.C., Roseboom, W., Albracht, S.P.J.
 .and Woodruff, W.H. 1995 Biochemistry, 34, 5527–5535.
w x36 Van der Spek, T.M., Arendsen, A.F., Happe, R.P., Yun, S.,
Bagley, K.A., Stufkens, D.J., Hagen, W.R. and Albracht,
 .S.P.J. 1996 Eur. J. Biochem. 237, 629–634.
w x  .37 Adams, M.W.W. 1990 Biochim. Biophys. Acta 1020,
115–145.
w x38 Hagen, W.R., van Berkel-Arts, A., Kruse-Wolters, K.M.,¨
 .Voordouw, G. and Veeger, C. 1986 FEBS Lett. 203,
59–63.
w x39 Pierik, A.J., Hagen, W.R., Redeker, J.S., Wolbert, R.B.G.,
Boersma, M., Verhagen, M.F.J.M., Grande, H.J., Veeger,
 .C., Mutsaers, P.H.A., Sands, R.H. and Dunham, W.R. 1992
Eur. J. Biochem. 209, 63–72.
w x  .40 Ohnishi, T., Ragan, C.I. and Hatefi, Y. 1985 J. Biol.
Chem. 260, 2782–2788.
w x41 Ragan, C.I., Galante, Y.M., Hatefi, Y. and Ohnishi, T.
 .1982 Biochemistry 21, 590–594.
w x  .42 Pilkington, S.J., and Walker, J.E. 1989 Biochemistry 28,
3257–3264.
w x  .43 Yano, T., Sled, V.D., Ohnishi, T. and Yagi, T. 1994
Biochemistry 33, 494–499.
w x  .44 Yano, T., Sled, V.D., Ohnishi, T. and Yagi, T. 1994 FEBS
Lett. 254, 160–164.
w x45 Wilks, P., Walker, J.E., Albracht, S.P.J. and Van Belzen, R.
 .1995 Protein Science 4, 61.
w x46 Pilkington, S.J., Skehel, J.M., Gennis, R.B. and Walker, J.E.
 .1991 Biochemistry 30, 2166–2175.
w x  .47 Fecke, W., Sled, V.D., Ohnishi, T. and Weiss, H. 1994
Eur. J. Biochem. 220, 551–558.
w x48 Salerno, J.C., Ohnishi, T., Lim, J., Widger, W.R. and King,
 .T.E. 1977 Biochem. Biophys. Res. Commun. 75, 618–624.
w x  .49 Yano, T., Sled, V.D., Ohnishi, T. and Yagi, T. 1996 J.
Biol. Chem. 271, 5907–5913.
w x50 Tran-Betcke, A., Warnecke, U., Bocker, C., Zabarosch, C.¨
 .and Friedrich, B. 1990 J. Bacteriol. 172, 2920–2929.
w x  .51 Fearnley, I.M. and Walker, J.E. 1992 Biochim. Biophys.
Acta 1140, 105–134.
w x52 Schneider, K., Cammack, R., Schlegel, H.G. and Hall, D.O.
 .1979 Biochim. Biophys. Acta 578, 445–461.
w x53 Malki, S., Saimmaine, I., De Luca, G., Rousset, M., Der-
 .moun, Z. and Belaich, J.P. 1995 J. Bacteriol. 177, 2628–
2636.
w x54 Runswick, M.J., Gennis, R.B., Fearnley, I.M. and Walker,
 .J.E. 1989 Biochemistry 28, 9452–9459.
w x  .55 Yano, T., Yagi, T., Sled, V.D. and Ohnishi, T. 1995 J.
Biol. Chem 270, 18264–18270.
w x  .56 Voordouw, G. and Brenner, S. 1985 Eur. J. Biochem. 148,
515–520.
w x  .57 Meyer, J. and Gagnon, J. 1991 Biochemistry 30, 9697–
9704.
w x  .58 Voordouw, G., Strang, J.D. and Wilson, F.R. 1989 Monti-
cello. J. Bacteriol. 171, 3881–3889.
w x  .59 Santiago, J.D., Durre, P. and Woods, D.R. 1995 Microbi-¨
ology 141, 171–180.
w x  .60 Gorwa, M.-F., Croux, C. and Soucaille, P. 1996 J. Bacte-
riol. 178, 2668–2675.
w x61 Stokkermans, J., van Dongen, W., Kaan, A., van den Berg,
 .W. and Veeger, C. 1989 FEMS Microbiol. Lett. 58,
217–222.
w x  .62 Stokkermans, J. 1993 Molecular studies on iron-sulfur
proteins in Desulfo˝ibrio, PhD thesis, Agricultural Univer-
sity of Wageningen, Wageningen, The Netherlands.
w x63 Preis, D., Weidner, U., Conzen, C., Azevedo, J.E., Nehls,
U., Rohlen, D., Van der Pas, J., Sackmann, U., Schneider,¨
 .R., Werner, S. and Weiss, H. 1991 Biochim. Biophys.
Acta 1090, 133–138.
w x  .64 Xu, X., Matsuno-Yagi, A. and Yagi, T. 1992 Arch.
Biochem. Biophys. 296, 40–48.
w x65 Wang, G., Benecky, M.J., Huyhn, B.H., Cline, J.F., Adams,
M.W.W., Mortenson, L.E., Hoffman, B.M. and Munck, E.¨
 .1984 J. Biol. Chem. 259, 14328–14331.
w x66 Voordouw, G., Hagen, W.R., Kruse-Wolters, K.M., Van¨
 .Berkel-Arts, A. and Veeger, C. 1987 Eur. J. Biochem.
162, 31–36.
w x  .67 Adams, M.W.W., Eccleston, E. and Howard, J.B. 1989
Proc. Natl. Acad. Sci. USA 86, 4932–4936.
w x68 Fu, W., Drozdzewski, P.M., Morgan. T.V., Mortenson, L.E.,
Juszczak, A., Adams, M.W.W., He, S.-H., Peck, H.D., Jr.,
 .DerVartanian, D.V., LeGall, J. and Johnson, M.K. 1993
Biochemistry 32, 4813–4819.
w x  .69 Hatefi, Y. and Bearden, A.J. 1976 Biochem. Biophys. Res.
Commun. 69, 1032–1038.
w x70 Arizmendi, J.M., Runswick, M.J., Skehel, J.M. and Walker,
 .J.E. 1992 FEBS Lett. 301, 237–242.
w x71 Masui, R., Wakabayashi, S., Matsubara, H. and Hatefi, Y.
 .1991 J. Biochem. 110, 575–582.
w x  .72 Fearnley, I.M., Runswick, M.J. and Walker, J.E. 1989
EMBO J. 8, 665–672.
w x  .73 Dupuis, A., Skehel, J.M. and Walker, J.E. 1991 Biochem-
istry 30, 2954–2960.
w x74 Cobley, J.G., Grossman, S., Singer, T.P. and Beinert, H.
 .1975 J. Biol. Chem. 250, 211–217.
w x  .75 De Jong, A.M.Ph., Kotlyar, A.B. and Albracht, S.P.J. 1994
Biochim. Biophys. 1186, 163–171.
( )S.P.J. Albracht et al.rBiochimica et Biophysica Acta 1318 1997 92–106106
w x76 De Jong, A.M.Ph., Molenaar, P.J., Albracht, S.P.J., Van
 .Belzen, R. and Kotlyar, A.B. 1995 Protein Sci. 4, 86.
w x77 Van Belzen, R., Kotlyar, A.B., Moon, N., Dunham, R.H.
 .and Albracht, S.P.J. 1996 Biochemistry, in press.
w x  .78 Belogrudov, G. and Hatefi, Y. 1994 Biochemistry 33,
4571–4576.
w x79 Runswick, M.J., Fearnley, I.M., Skehel, J.M. and Walker,
 .J.E. 1991 FEBS Lett. 286, 121–124.
w x80 Sackmann, U., Zensen, R., Rohlen, D., Jahnke, U. and¨
 .Weiss, H. 1991 Eur. J. Biochem. 200, 463–469.
w x81 Zensen, R., Husmann, H., Schneider, R., Peine, T. and
 .Weiss, H. 1992 FEBS Lett. 310, 179–181.
w x82 Schulte, U., Fecke, W., Krull, C., Nehls, U., Schmiede, A.,¨
 .Schneider, R., Ohnishi, T. and Weiss. H. 1994 Biochim.
Biophys. Acta 1187, 121–124.
w x  .83 Hatefi, Y. and Rieske, J.S. 1967 Meth. Enzymol. 10,
235–239.
